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Abstrat
The predition of ferromagnetism at room temperature in Co-ZnO thin lms has generated a
large interest in the ommunity due to the possible appliations. However, the results are on-
troversial, going from ferromagnetism to non-ferromagnetism, leading to a large debate about its
origin (seondary phase, Co lusters or not). By arefully studying the miro-struture of various
Co-ZnO lms, we show that the Co
2+
partly substitutes the ZnO wurtzite matrix without forming
Co lusters. Surprisingly, the ferromagnetism nature of the lms disappears as the Co ontent in-
reases. In addition, our results suggest that the observed ferromagnetism is likely assoiated to a
large amount of defets- lose to the interfae and strongly depending on the growth temperature-
whih may explained the spreading of the results.
PACS numbers:
1
I. INTRODUCTION
Reently, Diluted Magneti Semiondutors (DMS)
1,2,3,4
have beome a very attrative
subjet due to the possibility of room temperature ferromagnetism in wideband gap oxides.
5
Suh materials might be integrated into semiondutors devies opening the route to spin-
eletroni tehnology at high temperature. First reports were dediated to the obalt-doped
ZnO,
6
and TiO2,
2,7
and the manganese-doped ZnO.
8
Following these results, many materi-
als showing ferromagnetism have been isolated so far.
9,10,11,12
Surprisingly, other reports did
not evidene any ferromagnetism in the ompounds
13,14,15,16
espeially when made in bulk
materials,
17
whih has led to a hot debate about the origin of ferromagnetism in these mate-
rials. In partiular, it is not lear whether ferromagnetism is originated from lusters,
18,19,20
seondary phases
21
or it is an intrinsi phenomenon.
22,25
Thus, it is important to answer the
following questions:
- why are there so many non-reproduible reports?
- why is ferromagnetism relatively independent of the dopant and its onentration?
25
- is the ferromagnetism intrinsi in Co-doped ZnO lms?
During the last 5 years, several theoretial preditions raised the possibility of ferromag-
netism with Curie temperature (TC) above room temperature in 3d-transition-metal-doped
ZnO. Dietl et al.
1
suggested that wide band gap semiondutors are andidates for a high
TC and a large magnetization when 5% Mn is substituted into p-type [10
20
m
−3
℄. Using ab-
initio band struture alulation, Sato et al.
23
predited a stabilization of the ferromagneti
state in 3d-transition metal doped ZnO. Reently, Coey et al.25 proposed a model for high
temperature ferromagnetism in dilute n-type magneti semiondutor. This model is based
on the formation of bound polaron magneti mediated by shallow donor eletrons.
>From these dierent theories and the experimental results, it appears that the role of
defets is important.
26
Dierent senarios are thusly possible. First, the presene of oxygen
vaanies or interstitial zin possibly result in an inrease of the ondutivity sine they may
reate donor eletrons.
25
Seond, a large amount of ationi defet or exess of dopant an
also lead to luster or seondary phases. In addition, the defets might ome from the growth
tehniques and the onditions used (temperature, oxygen pressure).
4
The spreading of the
results by the dierent groups probably omes from the strong inuene of the deposition
parameters on the struture whih is orrelated to the magneti properties.
2
In order to eluidate the origin of ferromagnetism and answer some of these questions,
we have rst undertaken a detailed mirostrutural analysis using transmission eletron
mirosopy on the host matrix, ZnO, grown at various temperature. Seond, we have orre-
lated the magneti properties and the mirostruture of a series of obalt-doped ZnO lms.
Third, we nd the experimental tendeny that the presene of defets in Co-ZnO lms is
neessary for the observation of room temperature ferromagnetism. Finally, we turn to an
interpretation based on theoretial model.
II. EXPERIMENTAL
The ZnO and Co-ZnO lms were grown utilizing the pulsed laser deposition tehnique
(Lambda Physik, KrF laser λ = 248 nm)27 by ring the laser alternatively on a zin metal
target (99.995 %) and on a obalt metal target (99.995 %). These target were purhased
(NEYCO, Frane) and were used without further preparation. All lms are deposited on
(0001)-oriented Al2O3 substrates at a onstant temperature under a ux of pure oxygen
gas. Typial thikness of the lms is about 300nm.The strutural study was done by X-
Ray diration (XRD) using a Seifert XRD 3000P for the Θ − 2Θ sans and the ω-san
(tilting) with (Cu, Kα1 radiation λ = 0.15406 nm). The eletron diration (ED) and ele-
tron mirosopy observations were performed on JEOL 2011FEG eletron mirosope (tilt
±45◦) equipped with Energy Dispersive Spetrometer (EDS) analyzer. This mirosope is
also tted with a Sanning Transmission Eletron Mirosope equipment (STEM) to arry
out high resolution sanning eletron mirosopy or EDS artography. The resistivity mea-
surements were measured in a Physial Properties Measurements System (PPMS) Quantum
Design. Silver eletrodes were deposited by thermal evaporation through a mask and ontat
between thin lm and sample holder were realized with ultrasoni bonding (wire of Al-Si
99/1). The magnetization measurements were olleted using a superonduting quantum
interferene devie based magnetometer SQUID (Quantum Design MPMS-5).
3
III. RESULTS
A. Temperature-dependane of the mirostruture of ZnO lms
Before understanding the magneti properties of the obalt-doped ZnO, a study of the
inuene of the deposition parameters on mirostruture of the host matrix, ZnO, was
performed. For this, the strutural quality of a series of ZnO lms grown under dierent
growth onditions was investigated. One of the main deposition parameter is the substrate
temperature (whih is known to be of the most important parameter)
28
and the lms were
investigated using the XRD. Out-of-plane lattie parameter lose 0.518 nm was obtained in
the temperature range 500-700
◦C, in agreement with the expeted one.29 In addition, the
roking urve reorded around the (0002) reetion measured for the lms grown at 500, 600
and 700
◦C are 0.4, 0.25 and 0.32◦, respetively. Suh values are ommonly obtained for an
oxide thin lm and reet, at least from these measurements, an average good rystallinity
of the overall lm (the instrument resolution is lose to 0.2
◦
). This means that, using a
routine XRD analysis, there is no notieable hange and indiates that the subtle dierenes
an only be seen with deeper analysis suh as asymmetrial XRD or optial measurements.
28
To omplete this analysis at suh atomi sale, a mirostrutural analysis using transmission
eletron mirosopy (TEM) was undertaken.
Figure 1 (a) and (b) show typial TEM images of two lms grown at 600 and 700
◦C,
respetively. The orresponding seleted area diration are also presented. The images show
a good rystallinity of the lms. More preisely, the eletron diration patterns (inset of
Fig.1a, 1b) reveal two interesting features. First, the ED patterns reveal 6 spots as expeted
from a wurtzite struture (in agreement with the XRD)
28
and a lm oriented with the c-axis
perpendiular to the plane of the substrate. Seond, the spots are well dened for the lm
at 700
◦C but some broadening or parasite spots an be observed for the lm grown at 600
◦C. This suggests that the lm is less rystallized when the temperature of the substrate is
dereased, in agreement with our previous reports.
28
Note that the derease of the rystalline
quality with temperature is onrmed by the analysis of the lms deposited at a temperature
lower than 600
◦C (not shown).
Furthermore, Fig.1 shows a plane view of the interfaial area between the lm and the
substrate of a lm grown at 700
◦C. In this piture a moiré ontrast, resulting from the
4
superimposition of the two latties, is observed. The Fourier transform from this part of the
image (insert of Fig.1) learly shows that the two latties are slightly misoriented (about 1
◦
).
However this result raises the understanding of the misorientation of 30
◦
between the lm
and the substrate already observed by the XRD.
30
In order to explain suh a disrepany, two
features an be put forward. Firstly, this piture shows only the early stage of the growth,
i.e. the rst few ells grew on top of the substrate. The array of the oxygen atoms of the
sapphire substrate, provides a good template to aommodate the rst zin ad-atoms despite
the large dierene between the lattie parameters of the two strutures (lattie mismath
16 %).
31
Seondly, when the thiker layers are grown, the lattie mismath between the
two strutures plays the most important role and the ell of the lm will rotate in order to
aommodate this large mismath. The thikness of this aommodation layer depends on
the temperature of the growth. In others words, this aommodation layer is thin when
the temperature is high whereas the aommodation layer is thik at a lower temperature.
Suh result is in agreement with Ashkenov et al. where a very thin nuleation layer (2-3
monolayers) with no raks is observed on top of the Al2O3 substrate for a ZnO lm grown
at high temperature (800
◦C).32
Sine the rystallinity of the lm grown at 700
◦C is higher than the one at 600 ◦C, we
have hosen to look only at a less rystallized lm (i.e. 600
◦C) and its evolution along the
c-axis diretion. Dierent areas of a lm grown at 600 ◦C were thusly observed. Figure 2
shows the eletron diration patterns of this lm, lose to the surfae (Fig.2 (a)) and lose
to the interfae (Fig.2 (d)) and in between (Fig.2 (b) and ()). When onsidering at the
evolution of the ED patterns, it is lear that the 6 well dened peaks, lose to the surfae
beomes a series of two rings, indiating a poor rystallization lose to the interfae. These
diration images show that the lm shows a gradient of rystallinity from the interfae to
the surfae whih is mostly due to the important lattie mismath between the substrate
and the lm. However, we have notied that suh eet is enhaned when dereasing the
temperature of the substrate. In other words, the less rystallized layer of the lm lose
to the interfae is inreased when the temperature of deposition is dereased. It is also
important to note that the polyrystalline layers lose to the interfae an not be observed
with the standard XRD haraterizations. Thus, it is neessary to perform mirostrutural
measurements beause it gives a loal haraterization whereas the XRD measurements give
only an idea of the average rystallinity of the lm. To explain the divergene of the 30
◦
5
rotation observed by XRD measurements between the two latties and the moiré with a
tilting of 1
◦
at the interfae observed by HRTEM, the lattie mismath must also be taken
into aount.
To summarize, the large strain indues the formation of a buer layer at the interfae,
whih an be polyrystalline. However, it an be redued by an inreasing of the deposition
temperature (see above). This means that a stabilization of the struture with a rotation
of the lm parameters of 30
◦
ompared to the substrate is favoring by the inreasing of the
substrate temperature. Moreover, the use of high temperature inreases the mobility of the
ad-atoms and the size of the ZnO rystallites.
28
We believe that this is an explanation of the
dierene observed in the literature of Co-doped ZnO lms as detailed hereafter. To onrm
this, we have undertaken similar mirostrutural study of Co-doped ZnO lm, following the
same approah.
B. Temperature-dependane of the mirostruture of Co-doped ZnO lms
1. The ase of 1.66 % Co
A low obalt onentration (1.66 %) has been hosen in agreement with previous results
beause for suh a omposition, the presene of a seondary phase in the lm is unlikely.
The dependane of the magneti properties on the growth onditions of a Co-ZnO lm
was analyzed. The lms were grown at dierent deposition temperatures (500, 600 and 700
◦C) and the pressure of oxygen was varying from 0.05 to 0.15 Torr. As seen previously, the
temperature tunes the rystallinity of the lm. The oxygen pressure inuenes the resistivity
with the reation of oxygen non-stoihiometry or interstiial zin. Furthermore the study of
the resistivity of the lm ould help us to understand the ause of the magneti properties
in the lms.
By looking at the series of lms, we nd a tendeny: the lms are non-ferromagneti when
grown at 700
◦C and are all ferromagneti when deposited at 500 ◦C whatever the oxygen
pressure is. This is evidened in Figure 3, where the lm synthesized at 500
◦C displays an
hysteresis loop in the (M−H) urve with a saturation value of 1.35 emu/cm3 (orresponding
to a saturation magnetization, MS = 0.3 µB/Co) and a oerive eld of ≈100 Oe (see inset
of Fig. 3). A Curie temperature slightly above 300K is also observed on the M(T ) urve,
6
onrming the ferromagneti behavior.. Below 50 K, a rapid inrease of the magnetization
is also observed. This paramagneti ontribution might be due to the low onentration of
Co ions in the lm whih are not oupled to eah other.
33
On the ontrary, the lm deposited
at a higher temperature (700
◦C) does not show any hysteresis loop and its magnetization
is lose to zero. The situation is more ompliated for the lms grown at an intermediate
temperature (for example at 600
◦C). Indeed, these lms an display a ferromagneti (as
seen in a previous report)
30
or a paramagneti behavior. However, we have not be able to
nd a preise orrelation between the observed magneti behavior and the growth onditions
of the lms deposited at 600
◦C. This indiates some lak of reproduibility whih is more
important at this temperature beause 600
◦C is an intermediate temperature between the
two regions, and thus a very sensitive one.
34,35
To summarize, this study demonstrates rst,
the importane of temperature growth on the magneti properties.
36
Seond, the variation
of oxygen pressure at a xed temperature does not show any inuene on the magneti
measurements: a magneti transition is observed around 300K for all the lms grown at 500
◦C. Resistivity measurements show that the values at 300 K are 0.86 Ω.cm and 387 Ω.cm.
for the lm grown at 0.05 Torr and 0.15 Torr, respetively. The roking urve is onstant
to a value around 0.43
◦
, lose to the instrumental limit of 0.15
◦
and the one of the Al2O3
substrate of 0.2
◦
. This indiates that the oxygen pressure does not have a strong inuene
on the average rystallinity of the lm. The inhomogeneity in the transport measurements
ompared to the onstant value Curie temperature onrms the independene of the number
of arriers on the magneti properties, in ontradition with previous reports.
1,9
The presene
of ferromagneti or ferrimagneti Co-based phases an also be exluded a priori, due to the
low onentration of obalt sine it is diult to believe that a small amount of Co will lead
to a magneti phase that is not observed neither in XRD measurements nor in HRTEM
analysis. Furthermore, the shape of the M(T ) urve does not exhibit superparamagneti
behavior with a bloking temperature, but a well dened Curie transition whih means that
there is not individual domains of elements that have ferromagneti properties.
24
Anyway,
these results indiate a orrelation between the rystallinity of the lm and their magneti
properties. Surprisingly, an ill rystallize lms (roking urve around 0.4-0.5
◦
) always leads
to a ferromagneti transition whereas a highly rystallized one (roking urve around 0.26-
0.3
◦
for the lms grown at 700
◦C) is rarely ferromagneti. Thus, we think that a large
number of defets is neessary to observe the ferromagneti properties whih will be disuss
7
later.
37
2. Variation with Co ontent
Similar kind of study was done keeping the oxygen pressure to 0.1 Torr (sine it is not
inuening the magneti harateristis) but varying the Co onentration from 5 to 10 %,
and hanging the deposition temperature between 500 and 700
◦C. The results show that
only the lm grown at 500
◦C with 5 % of Co doping exhibit a (weak) magneti signal with
a magnetization of 0.1 emu/cm3 (under a magneti eld of 100 Oe) , while the lm at 10 %
obalt is paramagneti.
In addition, transport measurements revealed that all lms are highly resistive with a
value at 300 K of 350 Ω.cm for the lm at 5 % and, more than 450 Ω.cm for the lm with
10 % of Co. This onrms the previous study
6
where the rystallinity was dereasing with
the onentration of obalt in the lm and leads to the reation of aeptors, inreasing the
resistivity of the lm.
In order to onrm the relations between magnetism and defets, two lms at high (10
%) and low Co-doping (1.66 %) were analyzed by TEM (Figure 4). Fig.4 (a) shows a ross
setion TEM of a lm having 10 % of Co. At the interfae, a dierene of rystallinity
between the substrate and the lm is seen. Furthermore, the diration pattern of this part
shows a well aligned diration peaks assimilate to the substrate with a -axis perpendiular
to the interfae. The lm presents dierent rings, learly showing the polyrystalline nature
of the struture lose to the interfae. Dierent ED analysis performed on several areas of
the lm showed that the rystallinity is inreased when approahing the surfae. Fig. 4 (b)
shows similar images for a 1.6 % Co-doped lms. Despite a good rystal quality showed also
by ED, some defets an be observed. In the insert of gure 4 (b) is zoomed a tilt of the
struture of 60
◦
. This analysis at the atomi sale (few nm) must show the presene of any
lusters having a size of minimum 6 nm to be seen by HRTEM.
38
This investigation was
arried out on a high number of dierent rystals for both lms, but no lusters have been
deteted and obalt seems to have a good dilution in the matrix. An analysis with STEM
also onrms the good distribution of the obalt in ZnO.
8
IV. DISCUSSION
Close to the substrate interfae, the rystallinity of the lm inuened by the growth
temperature and the Co ontent, is not satisfatory or at least, not as good as in the upper
layers: a low substrate temperature leads to a high disorder of the Co-doped ZnO lm.
This is due to the large lattie mismath between the lm and the substrate. The eet of
the temperature an be well understood by the inrease of kineti energy of the partiles
at the surfae of the lm, whih improves the rystallinity and, onsequently dereases the
number of defets.
39
For this reason, Saeki et al. have used a ZnO buer layer to improve the
quality of the Co-ZnO lms. However, in that ase a post-annealing was neessary to obtain a
ferromagnetism behavior in the lm sine in the as-grown the Co-ZnO is antiferromagneti.
34
In the present study, it has been showed that in order to get a ferromagneti lm at
300 K, a low Co onentration and a low growth temperature are required. If the Co
onentration is larger than 5 %, then the magnetization beomes negligible. Thus, despite
the disorder inreasing in the struture with the amount of obalt,
30
the magnetization shows
a paramagneti behavior.
Furthermore, the formation of any lusters or seond phases was a priori minimized
beause of the partiular deposition tehnique whih is alternative deposition. This proess
indeed favors the dispersion of the obalt inside the struture. For this, two metalli targets
are held on a arrousel. The laser, using the rotation of the two targets, red on the zin
followed by the obalt target. For example, to obtain 5 % obalt doped lm, it is neessary
to re 19 pulses on Zn target and then 1 pulse on the Co target. The deposition rate is
lose to 0.052 nm/pulse. Thus, one obalt pulse is sandwihed between 2 ZnO layers made
up 19 pulses eah. It is unlikely that the quantity of obalt between two layers of ZnO is
suient to reate some obalt lusters. Furthermore, a gradient of diusion (due to the
temperature of the substrate) will appear, favoring the migration and the dilution of obalt
in the ZnO struture. A low growth temperature unlikely dereases the Co diusion, and
might indue the presene of Co-rih phases (i.e. Co lusters or seondary phases). These
phases an lead to ferromagnetism or ferrimagnetism behaviors. Suh result might explain
the similarity between the lms grown at 500
◦C under various oxygen pressure. However,
based on the XRD and the HRTEM no Co-rih phases have been evidened and, this model
an not explain the antiferromagneti behavior at high Co onentration.
9
Another possible explanation for the observation of ferromagneti is as follow, depending
on the rystallinity and the Co onentration. At low doping, the short interations meh-
anisms like superexhange and Zener double-exhange interation an be avoided, beause
of the low probability to have two obalt neighbor atoms. At longer range ferromagneti
exhange, the RKKY model an be also avoided due to the n-type behavior of ZnO and
the low number of arriers in the lms. Thus, these models an not be used to explain the
ferromagnetism. We believe that the reent model of the bound magneti polaron used in
the n-type semiondutors by shallow donors is more appropriate.25 In this model, Coey et
al. utilized the general formula for the oxide: (A1−xCox)(O∂) where A is nonmagneti
ation and ∂ is the donor defet.25
Experimentally, this means that the ferromagnetism appears only with a high probability
of donor defets in the lm, at low deposition temperature ompared to 700
◦C where the
rystal defets are less present. Finally, the high defet onentration lose to the interfae
leads to the formation of an impurity band, whih is polarized by exhange with magneti
elements. This is onrmed by the value of the saturation magnetization whih is equal to
(0.3 ± 0.1) µB/Co. Surprisingly, this value is smaller ompared to the Co
2+
spin state in a
tetrahedral rystal eld (low spin= 1 µB or high spin= 3 µB). However, if we only onsider
the obalt atoms having an environment of defets that are at the origin of ferromagnetism
(i.e. for example, 1/3 of the lm), the value would be in the order of 1 µB/Co. This
reinfored the fat that the ferromagnetism originated from the bulk material and this is
likely the origin of ferromagnetism at low doping onentration.
40
It should also be pointed
out that in these experiments, the oxygen pressure indues large hanges in resistivity (see
above). As onsequene and, based on this model, the oxygen pressure should have an eet
on the magnetization. Sine it is not the ase, this means that a detailed study on the nature
of the defets is required (strutural defets, oxygen and zin vaanies, interstitials et.).
41
At high doping, the situation is more simple. Due to the antiferromagneti oupling
between the Co atoms, whih omes from the short magneti interations (resulting from
the high probability to have two obalt neighbors), the sample exhibits paramagnetism.
10
V. CONCLUSION
The omparison of mirostrutural and marostrutural analysis of a series of Co-doped
ZnO lms laried the onditions to obtain interesting magneti properties. Only the lms
at low obalt doping and grown at low temperature display ferromagnetism at room temper-
ature. Whereas the number of arrier in the lm does not seem to ontrol the magnetism,
the defets are neessary to observe ferromagneti properties. In spite of the high onen-
tration of obalt in the struture, the mirostrutural analysis do not show obalt lusters,
revealing an homogeneous obalt distribution in the ZnO matrix. This is onrmed by the
magneti measurement whih do not exhibiting superparamagnetism behavior. Based on
these experiments, we believe that the ferromagnetism is intrinsi and result from long-range
interations indued by the defets. The determination of synthesis ondition favoring the
reproduibility of magneti properties might be the beginning point from the elaboration of
some devies for the spin polarization.
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Figures Captions:
Figure 1: High resolution transmission eletron mirosopi image of ZnO lm and Fourier
transformation pattern (inset). All rystal fragments are oriented with -axis parallel to the
eletron beam. (a) Film grown at 600
◦C with on the Fourier transformation, 6 peaks
harateristi of the 6-fold symmetry of ZnO. The pattern (b) and () are lm grown at
T=700
◦C. The rst one shows HRTEM of rystal in lm and the last one shows the
interfae with moiré phenomena.
Figure 2: Dierent diration pattern taken from the interfae of the lm until lose to
the surfae. An evolution of the rystallinity is observed with 6 well dened peaks lose to
the surfae and a broadening of these diration peaks along the c-axis until the interfae.
Figure 3: (M-T) urve of zero eld ooled and eld ooled (100 Oe) for a Co:ZnO: 1.66
% thin lm grown at 500
◦C. The inset presents the (M-H) urves at 10K of lms grown at
500 and 700
◦C. The oerive eld of the lm grown at 500 ◦C is about 100 Oe. All these
urves have orreted from the substrate omponent.
Figure 4: HRTEM images of Co-ZnO lms deposited at 600
◦C. (a) is a ross setion of
a high doping Co-ZnO: 10 %. The well rystallized right part is the substrate and at left
the lm. The inset is the diration pattern of the interfae. The aligned peaks are the
substrate and the rings are due to the lm. (b) is the lm doped with 1.6 % obalt with a
and b axis in-plane.
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